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protons in aqueous solution exist as hydronium ions (H30+)
Abstract Due to the demand for accurate, reliable and [6] and (1) was revised to:
highly sensitive pH sensors, research is being pursued to find new
materials to achieve this goal. An important branch of materials pH =-10[ 30] (2)
to be investigated for this purpose are the semiconducting metal
oxides. This work uses titanium monoxide thick films in
conjunction with an interdigitated electrode pattern to produce a An important area of pH measurement is in medicine.
conductimetric pH sensor. Its advantages over other methods The pH of bodily fluids is of great significance to the health of
include simpler construction and it is more economical. a patient. For example, the pH of human blood is rigidly
It was noted that upon contact with a solution, the resistance maintained in the pH range of 7.35 - 7.45 [7]. Any variation in
of the film increases. No meaningful relationship was observed
between the resistance and pH for these devices. When a DC bias theb d canesulthi sou medical compca andis applied to the device, a linear decrease was recorded in the in extreme cases, death. Also, the pH of stomach acid
relative changes in current through the device and conductance (maintained at a pH of approximately 1) is of great importance
of the film against increasing pH values. Low frequency AC to a persons overall health. It is therefore of extreme
signals also produce a similar response. However, a slow importance that the pH of these fluids be measured accurately
response time and poor repeatability were also observed. and quickly.
Medical pH sensors produce certain demands not met by
Index Terms-Thick Film, pH, Metal Oxide, Sensors. some of the more common methods of pH measurement. As
long as a sample can be analysed in vitro, then the standard
methods can be applied. If, however, in vivo analysis needs to
I. INTRODUCTION be undertaken, then a sensor with certain properties needs to
MVrETAL oxides have been widely reported as having be provided. For example, the sensor needs to be small,
sensitivity to the pH of solutions, many of which have rugged and constructed of non-toxic materials. An example of
been employed in potentiometric pH sensors [1-5]. This such a sensor is the BRAVOTM pH monitoring system
type of sensor utilizes a standard reference electrode developed by Medtronic [8, 9]. This is a wireless diagnostic
(Ag/AgCl) and a working electrode, fabricated using the capsule, which monitors the pH in the gastro-intestinal (GI)
chosen metal oxide. The pH of the test solution creates an tract. The sensors in this device are encapsulated and the
open circuit potential between these two electrodes, as the solution to be tested is allowed penetrate the outer layer and
ions (hydrogen) interact with the oxide. contact the sensor. The overall dimensions of this device are 6
The pH of a solution is a measure of the activity of mm x 5.5 mm x 25 mm, which, however, may still prove too
hydronium ions [H30+] in the solution [6]. The original large for certain applications, such as in vivo blood pH
definition for pH was given as the concentration of hydrogen measurements. Also, the pH range of this device is limited to
ions in a solution. The formula for this can be seen in (1). the acidic region (pH2-7) and thus does not function at pH
higher than pH7. This is also unacceptable for wider
pH =-log CH (1) biomedical use outside the GI tract.
There are many different methods of pH measurement. The
most common pH sensor used in labs today is the glass
where CH represents the hydrogen ion concentration in theyg
solution. ~~~~~~~~~~~electrode. Glass electrodes operate over a wide range of pHl
~~~~~~~~~~~butsuffer from a number of drawbacks. They are rather large
This formula was later revised as it was realised that all focetiaplainsndanrveobeqtergl.
These devices also need to be kept in a storage solution,
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cleaned on a regular basis and calibrated frequently. These
devices are not suitable for any in vivo medical diagnostic due
to the fragile nature of the glass. If the sensor breaks inside a II. EXPERIMENTAL
patient, then the resulting medical complications can be quite In this work, the thick film approach was chosen, as it is an
serious. economical technique, with the added advantages of
There are many other approaches to pH measurement. repeatability, robustness and allows greater flexibility than
Fibre-optic pH sensors frequently appear in the literature [10- cleanroom lithographic fabrication techniques.
15]. This approach is commonly used in medical analysis, The interdigitated electrode structure was first screen-
having the advantage of small-diameter fibres for in vivo printed onto clean alumina substrates (obtained from
measurements. Fibre-optic sensors are usually employed with CeramTec UK Ltd.). An Ag thick film conductor paste was
a catheter for such a procedure. Another advantage is that no used for this purpose (obtained from Heraeus Materials). The
electrical current is used inside the body during testing. deposition of the conductor paste was achieved using a DEK
However, the main disadvantage with this approach is the size 1202 automatic screen printer. The resulting IDE structures
of the analytical equipment and light/power sources which were placed into an oven at 80°C for 2 hours to facilitate the
accompany such a technique. Due to this, and other such initial drying of the pastes. In this oven the remaining solvent
factors, the fibre-optic approach is not feasible for such in the paste evapourates, leaving the dried patter on the
miniaturized systems that allow wireless monitoring, as in the substrate. The devices are next placed into a different oven for
caseofthe aforementioned BRAVOTM monitoring system and a much higher temperature (850°C) cycle. In this step, any
cahrse such devices. remaining organic binder is removed and the metal frit in theothers such
Ion sensitive field effect transistors (ISFETs) [16-21] have paste is sintered into one solid structure. This temperaturecycle also allows the electrode pattern to settle to its final
also been exploited as sensors for pH measurements. This thickness and resistivity values.
novel ideais basedonthe standardmetal oxide semiconductor After the temperature cycling has been completed, the
field effect transistor (MOSFET), with one significant devices are ready for the pH sensitive metal oxide film
difference. Instead of a standard gate, a reference electrode is deposition. The metal oxide is obtained in powder form (TiO
employed. An open circuit potential is generated between the from Alfa Aeser). The thick film paste required for deposition
gate and the gate oxide material, upon contact with a solution. is obtained by mixing the required mass of metal oxide
This potential is proportional to the pH of the test solution. powder with 7 wt.% polyvinyl butyral (PVB) (acts as binder)
Many researchers have published work in this area and the and a suitable amount of ethyleneglycolmonobutyalether
number of papers in this area continues to grow. (solvent). This paste is then screen-printed onto the electrodes
The pH sensing approach used in this work is known as the as before. The device is then placed into the first oven at 80°C
conductimetric approach. An interdigitated electrode (IDE) for 1.5 hours to facilitate solvent evapouration. Once out of
structure is first deposited onto an insulating substrate, after the oven, link wires can be soldered to the bond pads and the
which a metal oxide film is deposited over the IDE pattern. devices are ready for testing.
The basic sensor structure can be seen in Fig. 1. The IDE structure in this work has electrodes of width 0.4
The conductance of the film under test is measured, and the mm. The finger length is 3.2 mm, and the spacing between
changes recorded upon contact with a test solution of known electrodes is 0.4 mm. The metal oxide films have thicknesses
pH. Titanium oxide (TiO) is the material chosen in this work of 6 pm. These thicknesses were measured using a Dektak
.. , .. , ~~Surface Profile Measuring System.
as it has a relatively high conductivity and titanium oxides are TheI rate rind DCsresu
commoly uedastheyare cnsidred anon-oxic The IV characteristics and DC resistance measurements withcommonly used s th are ons ere non-toxi
material. temperature were carried out using an in house developed IVRprofiler. A National Instruments Data Acquisition (DAQ) card
pH controlled by LabWindows/CVI software and driven by
Sensitive customized electronics hardware measured the IV
Material characteristics of the devices.
The SEM images were obtained by a JOEL JSM-840
Scanning Microscope. Testing is carried out by dropping a
suitable amount of test buffer (obtained from Sigma Aldrich
(pH2- 11)) onto the device sensing area. The changes in
electrical parameters of the device are recorded using a HP
4192A Low Frequency Impedance Analyzer and a Thurlby
Thandar Instruments Tti 1705 Programmable Multimeter. All
/ ~~~~~~ACanalysis is undertaken using a 1 Volt r.m.s. signal at the
, / ~~Ele ti ed: required frequency.
Fig. 1. Conductimetric pH Sensor based on Interdigitated Electrode (IDE)
Structure
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III. RESULTS AND DISCUSSION
The response of the conductance of TiO thick films to pH is 7
investigated. A suitable amount of test buffer is dropped onto
the sensing area of the device (oxide film), and the change in a
conductance value noted. Also, SEM microscopy was
employed to observe any change in the surface morphology of
the samples after testing, and to obtain the average particle a=
size of the film.
A. DC Characteristics ofTiO Thick Films 0-
0 10 0~n 30 40 50 60. 70Generally, conductimetric pH sensors rely on a change in
the conductance/resistance of the sensing layer with exposure Temperaure (c)
to liquid/gas under test. As a result, the DC characteristics of Fig. 3. Temperature dependence of resistance for TiO thick films
the films was examined to observe the correct operating
conditions of the devices and to ensure that no breakdown
takes place during testing. A DC voltage was applied to the In the case of the TiO thick films being investigated in this
device and the resulting current measured. The results can be work, the TCR was calculated at 9459.377, thus verifying the
seen in Fig. 2. The current increases slowly at voltages below sensors resistance dependence on temperature variations.
2V and then rises exponentially.
From this experiment it was concluded that for any pH B. AC Characteristics of TiO Thick Films
sensors fabricated using these TiO thick films, voltage must The conductance of the sensors was measured at different
be kept below the threshold value, frequencies to obtain an understanding of the films behaviour
The response of the films resistance to temperature was also at elevated frequencies. Maissel and Glang [22] demonstrated
investigated. The resistance of the device was taken at that the resistance of a lead sulphide (PbS) sample decreases
predefined temperatures, which can be seen in Fig. 3. rapidly upon reaching a threshold frequency. They attributed
It can be seen from the data that the resistance of the the initial drop in resistance to intercrystalline capacitance,
sensor is highly dependent on temperature. This fact has to be while the dramatic drop in value is due to the effective short-
taken into account when considering where these sensors are circuiting of the spaces between the grains at higher
to be employed. It was possible to calculate the temperature frequencies. Fig. 4 shows the data obtained for TiO thick
coefficient of resistance from the equation: films.
As can be seen from the log-log graph, the conductance
R -R remains relatively constant until 1 MhZ, after which a large
TCR= xTT2 x1o0 (3) increase is observed.
RTAT The data in Fig. 4 also yields some information regarding
the conduction mechanism occurring in the film. Pollack and
where RT1 is the resistance at temperature 1, RT2 is the Geballe [23] produced an equation to help identify the types
resistance at temperature 2 and AT is the change in of conduction taking place in silicon samples, as in (4).
temperature. The TCR is a measure of the parts per million
change in resistance for a 1°C change in temperature.
90
:30 X o. 01
0 0
30~~~~~~~~~~~~~~~~~~
JTac = JT-C(dc A t (4) 700
.. .. ~~~~~~~~~~~650
where G,ac is the AC conductivity, a the total conductivity, adc
is the DC conductivity, co is the angular frequency, and s is an 600
index. If the value of s is between 0.5 and 1, a hopping
conduction mechanism is said to dominate. ,5,
When (4) is applied to the data from Fig. 4, it requires two
different fits: one for the low frequency (10 Hz - 1 MHz) and 00
the second for high frequency (1 Mhz - 13 MHz) as seen in
Fig. 4. The value of s for the first fit is 0.0157, proving much 450
too small for hoping to occur. It is possible at this frequency 0 20 40 60 X 1100 120 140
that tunneling is occurring between the particles. For the Time(s)
second fit, s is much larger and has a value of 0.4767. .. ...
Altho sitil esis tuchlanrthermi nimu value .it Fig. 6. Resistance versus Time for TiO thick film once test solution isAlthough still less than the minimum value required-, it may be deposited onto sensing area
possible that a hopping mechanism is dominant at a higher
frequency.
Several experiments were carried out to observe effects of
C. SEMAnalysis pH buffers on film conductance using different bias. First, no
The TiO thick films were initially viewed under SEM to bias was applied to the sensors and the conductance measured
observe average particle size and surface morphology before using a Multimeter. Next, a 2V DC bias was used. It was
exposure to pH solutions. Fig. 5 shows how the average noted that using this DC bias that the current through the
particle is smaller than 20 ptm, and how the pores between the device could be measured for each of the buffers used. The
particles appear larger after testing. This would explain the data generated can be seen in Fig. 7, where the relative change
increase in resistance as the gaps between particles becomes in current is plotted against the pH of the solution. The
larger. relative change in current is given by:
D. Effect ofpH on TiO Thick Film Conductance A' Io -IpH
The sensor is wired into the test equipment and the test Io Io
solution is applied to the sensing area. A set time is allowed
for the film and the solution to interact. Initially, the resistance where IO is the current before application of test buffer and
of the sensor was recorded with time to obtain the length of IpH is the current once the pH solution is applied to the sensing
time required for this settling period. area.
The current decreases in value once the solution is applied.Fig. 6 shows the data from this experiment. Approximately Ti e nei xetda h aai i.6dmntae
120 seconds is required for settling. An obvious trend that can p pe , g
be seen in Fig. 6 is that the resistance of the film increases how the resistance increases upon contact with test buffer.
contact with the solution (pH7 buffer). The current flowing through the device continues to decline
with increasing pH value. The less hydronium ions present in
the solution, the larger the increase in resistance. Thus the
hydroxide ions are interacting with the metal oxide in the film
and causing an increase in resistance.
0.4
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Fig. 5. SEM images of TiO thick film: (a) prior to exposure to test solutions;
(b) After exposure 1
pH
Fig. 7. Current versus pH for TiO thick film
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Once the DC testing of the sensors was complete, AC
testing was undertaken. The relative change in conductance The material may however prove effective in disposable
was recorded for frequencies of 100 Hz, 100 kHz and 700 sensors. By taking the data obtained at 100 Hz, the sensor was
kHz to observe any differences in the interaction between tested over 3 cycles. In the first cycle, the sensor was exposed
metal oxide and ions in test solution at different frequencies. to solutions of decreasing value (pH11 -pH2); the second cycle
The relative change in conductance is given by: the device was tested with solutions of increasing pH (pH2-
11); and finally, the third cycle repeated the steps of the first
AG GO- GPH cycle by using decreasing pH values. This method has the(6) advantage of checking for any possible issues with
GO GO directionality that the sensors may display (i.e. does increasing
pH value produce the same result as decreasing), as well as
where GO is the conductance (measured in Siemens) before the checking for repeatability. The results obtained from this
test solution is applied to the sensing area and GPH is the experiment are seen in Fig. 9.
conductance once the buffer is applied. The repeatability of these sensors proved poor upon
The results for the effect ofpH on the conductance of the investigation. After the first cycle the results become noisy
TiO film can be seen in Fig. 8. and erratic. It is possible that some of the chemical reactionsWhen no bias is applied to the sensor, there is no that have taken place between the metal oxide and the ions in
relationship between the relative change in conductance and the test buffers are not reversible at room temperature. A 3
the pH of the test buffer. A net decrease in conductance hour temperature cycle at 80'C showed no improvement in
results. However, the response appears random, with one
.
point demonstrating an increase in conductance (pH 4). Once repeatability.
a DC bias is applied, however, a near-linear response is
observed. F. Long-Term Effects ofpH on TiO Thick Films
The conductance of the films decrease as expected. The As the issue of repeatability was noted, it was decided to
applied voltage produces an electric field which causes the
ions in the solution to move, resulting in interactions with the slook at the conductance of the TiO flms after testing. After
metal oxide particles. Without the field, the ions can simply each test was completed, the devices werermised in de-ionsed
remain in the pores between the particles and not encounter w
any metal oxide particles. the film was again recorded and the relative change in
It was also observed that the sensitivity of the sensor conductance (from the baseline value) was plotted against the
decreases with increasing frequency. Therefore only DC or pH of the test solution (last used). Fig. 10 shows the results of
low frequency electrical stimulus is useful for this application. this investigation.
An interesting trend is observed when the long-term effects
of pH buffers on the TiO films are examined. The 2V DC bias
E. Repeatability produces a similar result to that observed when the buffer is in
Repeatability is an important property for any sensor. Without contact with the film. This would suggest that the DC bias
repeatability, the material is not suitable for reusable sensors. causes the ions to remain in close proximity to the metal oxide
particle and interacts with it
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Fig. 8. Relative change in Conductance versus pH for TiO thick film at Fig. 9. Repeatability data for TiO Thick Films (100 Hz)
different frequencies
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The AC ias,hoever, poducesdifferet resuls when B, Vol 88, pp 1-20, 2003.The AC bias, however, produces different results when [19] P. D. Batista, M. Mulato, C. F. D. Graeff, F. J. R. Fernandez and F. D.
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IV. CONCLUSIONS [23] M. Pollack and T. H. Geballe, "Low-frequency conductivity due to
This work examined the response of the conductance of hopping processes in silicon",Physical Review, 122, 6, pp 1742-1753, 1961.
TiO thick films with the intent of exploiting them in
conductimetric pH sensors.
A good response to pH was recorded for DC biasing and
low frequency AC biasing, indicating the suitability of TiO
thick films for use in a conductimetric pH sensor. However,
the repeatability of the sensors proved poor and thus limits the
use of the films to disposable sensors. Also, the response time
of the material is slow (120 seconds) which would make it an
unpopular choice for use in conductimetric pH sensors.
REFERENCES
[1] M. Wang, S. Yao and M. Madou, "A long-term stable iridium oxide pH
electrode",Sensors and Actuators B, 81, pp 313-315, 2002.
[2] M. Yuqing, C. Jianrong and F. Keming, "New technology for the detection
of pH",J. Biochem. Biophys. Methods, 63, pp 1-9, 2005.
[3] P. Shuk, K. V. Ramanujachary and M. Greenblatt, "Molybdenum oxide
bronzes as pH sensors",Electrochimica Acta, 41, 13, pp 2055-2058, 1995.
[4] M. Paeschke, U. Wollenberger, C. Kohler, T. Lisec, U. Schnakenberg and
R. Hintsche, "Properties of interdigital electrode arrays with different
geometries",Analytica Chimica Acta, 305, pp 126-136, 1995.
[5] J. A. Mihell and J. K. Atkinson, "Planar thick-film pH electrodes based on
ruthenium dioxide hydrate",Sensors and Actuators B, 48, pp 505-511, 1998.
[6] P. W. Atkins and J. A. Beran, General Chemistry, Scientific American
Books, New York, 1992.
[7] G. J. Tortora, Introduction to the Human Body: The Essentials ofAnatomy
and Physiology, Menlo Park, Calif.: Benjamin/Cummings, 1997.
[8] J. M. Guardino, T. M. Ours and J. E. Richter, Digestive Disease Weekly,
Abstract # 105381, 2002, pp.
[9] J. E. Pandolfino, J. E. Richter, T. M. Ours, J. M. Guardino, J. Chapman
and P. J. Kahralis, "Ambulatory Esophageal pH Monitoring Using a Wireless
System",The American Journal of Gastroenterology, 98, 4, pp 740-749, 2003.
[10] F. Baldini, P. Bechi, S. Bracci, F. Cosi and F. Pucciani, "In Vivo Optical-
Fibre pH Sensor for Gastro-Oesophageal Measurements",Sensors and
Actuators B, Vol 29, pp 164-168, 1995.
[11] P. A. Wallace, M. Campbell, Y. Yang, A. S. Holmes-Smith and M.
Uttamlal, "A Distributed Optical Fibre Fluorosensor for pH
Measurements",Journal of Luminescence, 72-74, pp 1017-1019, 1997.
6
